We present the first annual oxygen isotope record from the latewood (LW) cellulose of oak trees (Quercus robur) from NW Romania. As expected, the results correlate negatively with summer relative humidity, sunshine duration and precipitation and positively with summer maximum temperature. Spatial correlation analysis reveals a clear signal reflecting drought conditions at a European scale. Interannual variability is influenced by large-scale atmospheric circulation and by surface temperatures in the North Atlantic Ocean and the Mediterranean Sea. There is considerable potential to produce long and well-replicated oak tree ring stable isotope chronologies in Romania which would allow reconstructions of both regional drought and large-scale circulation variability over southern and central Europe.
Introduction
European droughts and heat waves have increased in frequency and intensity in the twenty-first century Ionita 2015; Ionita et al. 2017) , leading to increased risks to human health, property and infrastructure. Climate models suggest that rising global temperatures will lead to more frequent and stronger heat waves and summer droughts in the coming century, with southeastern Europe being particularly affected (Spinoni et al. 2015) . The triggering mechanisms behind the genesis and dynamics of heat waves are complex (Kingston et al. 2015; Ionita et al. 2017) , and existing observational data are insufficient to offer robust explanations. There is thus a need to look for alternative sources to reconstruct hydroclimatic variability on multi-centennial and longer timescales (Jones and Mann 2004; Huber and Gulledge 2011; Smerdon and Pollack 2016) . Tree rings are well established archives of paleoclimatic information, with the advantages of length, annual resolution, precise dating and varied geographical distribution (Schweingruber 1996) . However, robust reconstructions of past climate based on measures of tree growth, such as ring width, are restricted to areas where growth is strongly limited by a single well-definable climatic controller. Typically this is summer temperature at high altitudes/latitudes (Popa and Kern 2009; Popa and Bouriaud 2013; Nechita et al. 2017) 1 3 and precipitation or related hydroclimatic variables in very dry environments (Popa and Sidor 2010; Kern et al. 2012; Levanič et al. 2013; Árvai et al. 2018) . Measures of tree ring density (Grudd 2008; Kłusek et al. 2015) , and the related property of blue reflectance (McCarroll et al. 2002; Wilson et al. 2014) , can provide even stronger climatic signals, but are limited to conifers. In contrast, the 18 O/ 16 O ratio in tree rings is not dependent on net growth, but acts as a passive monitor of environmental change (McCarroll and Loader 2004; Leavitt 2010; Gagen et al. 2011; Young et al. 2015) , potentially providing paleoclimate information for regions that are not close to an ecological limit (Haupt et al. 2011; Labuhn et al. 2016) . The δ 18 O values in tree ring cellulose depend on the stable isotope composition of the water taken up by roots, evaporative enrichment in the leaves and on biological fractionation and isotopic exchange occurring during photosynthesis and cellulose formation (McCarroll and Loader 2004; Gessler et al. 2013; Treydte et al. 2014) . The δ
18 O values in soil water are directly influenced by those in precipitation, in turn controlled by atmospheric circulation patterns, condensation temperature, precipitation amount and relative humidity (Dansgaard 1964) . The dominant control on the enrichment of leaf water in the heavy isotopes is the difference in vapour pressure of leaf air and ambient air, which is controlled by relative humidity (Gessler et al. 2013; Labuhn et al. 2016) . Dry and hot climate conditions lead to an enrichment in 18 O due to evaporation, yielding higher δ
18 O values in tree-ring cellulose (Labuhn et al. 2016) .
The dominant environmental signals in tree ring oxygen stable isotope ratios are thus the stable isotope composition of precipitation and summer relative humidity (McCarroll and Loader 2004; Labuhn et al. 2014; Young et al. 2015) . In terms of dendrochronological series, Romania has a high potential to develop a well-replicated oak chronology covering almost the entire Holocene using the wood from the well-preserved oak forests together with abundant archaeological and sub-fossil oak timbers (Rădoane et al. 2015; Kern and Popa 2016; Nechita et al. 2017 ). This region is characterized by limited tree-ring-based climate reconstructions (Luterbacher et al. 2016) , because tree ring widths are poorly correlated with climate (Nechita and Popa 2012; Nechita 2014) . Strong paleoclimate reconstructions from this part of south-eastern Europe, where Atlantic, Mediterranean and Scandinavian climatic influences converge, would fill a clear gap in the paleoclimatic data network of Europe.
This study aims to evaluate the potential of oxygen isotopes in oak tree rings from Romania for producing long records of hydroclimate, including summer drought, and to assess whether the local variations in stable oxygen isotope ratios are linked to large-scale atmospheric circulation patterns over Europe.
Data and methods

Study area and meteorological data
The Nușfalău sampling site is situated in north-western Romania, 47.19°N, 22 .66°E, 270 m above sea level, (Fig. 1) 
Gridded climate data
Gridded precipitation amount totals, T mean and the self-calibrated Palmer Drought Severity Index (scPDSI) covering 1901-2014 CE were extracted from the monthly CRU T.S. 4.01 dataset (Harris et al. 2013) , with a spatial resolution of 0.5° × 0.5°. To investigate links with Northern Hemisphere atmospheric circulation we used the seasonal means of geopotential height at 500 mb (Z500), zonal wind (U500) and meridional wind (V500) at 500 mb from the Twentieth century reanalysis (V2) data set (NCEPv2; Whitaker et al. 2004; Compo et al. 2006 Compo et al. , 2011 on a 2° × 2° grid, for the period 1901-2014 CE. The vertically integrated water vapor transport (WVT) (Peixoto and Oort 1992) was calculated through zonal wind (u), meridional wind (v) and specific humidity (q), from the same data set. WVT vectors for latitude ( ) and longitude ( ) are defined as follows:
where zonal (Q λ ) and meridional (Q Ф ) components of Q are given by Eq. (2):
where q = specific humidity, u = zonal wind, v = meridional wind and p = pressure. The WVT is obtained by summation of water transport for all layers located between the Earth's surface and 300 hPa, above which the specific humidity in the twentieth century reanalysis (V2) model is zero (Kalnay et al. 1996; Whitaker et al. 2004; Compo et al. 2006 Compo et al. , 2011 . For sea surface temperature we used the 1° × 1° Hadley Centre Sea Ice and Sea Surface Temperature data set-HadISST (Rayner 2003) .
Development of tree-ring chronologies and statistical methods
Two 5 mm increment cores were collected from each of ten oak trees (Quercus robur L.) in August 2016 at Nușfalău using standard dendrochronological sampling methods (Schweingruber 1988) . One core per tree was fixed in a wooden support, polished, scanned and ring widths measured using the CDendro software, with a precision of 0.01 mm. Cross dating was performed and verified using COFECHA software (Holmes 1983) . For stable isotope analysis, nine of the unmounted cores were manually dissected with a scalpel under magnification and the latewood (summer-wood) sections pooled into one sample. The earlywood is excluded, because in Q. robur, earlywood vessels are formed about 2-3 weeks before bud burst and are completed before full leaf expansion (Puchałka et al. 2017 ). Alpha-cellulose was extracted from latewood samples following the method of Boettger et al. (2007) and Loader et al. (1997) and homogenized using a Hielscher ultrasonic device (Laumer et al. 2009 ). For each sample, 0.30-0.35 mg of cellulose were packed in silver capsules, freeze-dried and pyrolyzed using a Thermo Scientific Flash High-Temperature Elemental Analyzer (HTEA) and isotope ratios were measured on the evolved CO 2 using a Delta V Advantage IRMS in the Stable Isotope Laboratory at Swansea University. Every tenth sample was measured three times, the analytical error being less than 0.3‰. The results are expressed using the conventional δ (delta) notation in per mil (‰) relative to the Vienna Standard Mean Ocean Water (VSMOW) standard (Coplen 1994) . Linear correlations between δ 18 O and local monthly and seasonal climate parameters were explored using the Treeclim R package (Dalgaard and R Development Core Team 2010) , with confidence intervals calculated using the bootstrap method. To identify connections with large-scale atmospheric circulation and North Atlantic Ocean sea surface temperature (SST), we constructed composite maps of Z500 and SST standardized anomalies for the summer season by selecting the years when the value of normalized time 18 O values was > 1 standard deviation (high) and < − 1 standard deviation (low), respectively. These thresholds were chosen as a compromise between the strength of the climate anomalies linked to δ 18 O anomalies and the number of maps that satisfy this criterion. Further analysis has shown that the results are not sensitive to the exact threshold value used for the composite analysis (not shown). The significance of the composite maps is based on a standard t test (confidence level 95%).
Results and discussions
Local climate signal and links to regional patterns
As expected in samples from a temperate-continental region, the δ
18
O values are significantly (95% significance level) and positively correlated with local summer (June-July-August, JJA) sunshine duration (r = 0.55) and maximum temperatures (r = 0.48) and significantly negatively correlated with summer cloud cover (r = − 0.49) and precipitation amount (r = − 0.51). The strongest correlation, however, is with the most direct control on oxygen isotope fractionation in the leaf, which is summer relative humidity (r = − 0.67). The calibration model passes standard split-period verification statistics (NCR 2006) , including reduction of error (RE) and coefficient of efficiency (CE) ( Table 1 ), suggesting that the relationship is temporally stable, and the correlation is strong enough to justify a variance-scaled reconstruction, so that past extremes are not routinely underestimated (McCarroll 2015) . Given the short meteorological data set, the calibration-validation approach is supported by the results of a bootstrap approach to verification with 95% confidence limits (Fig. 2) .
The spatial validity of the relationship between δ 18 O ratio and summer precipitation, drought conditions and temperature was also analyzed, over the period 1901-2016. The δ 18 O values record both local signals ( Figure S1 , Table 2 ) and signals at a European scale.
Significant correlations with summer PP (Fig. 3a) extend over a wide area, with negative correlations over the whole of southern and central Europe and positive correlations over Fennoscandia. A similar dipole-like structure in the correlation analysis is found for the summer scPDSI index. High δ
18 O values are associated with drought conditions over the central and the eastern part of Europe and wet conditions over Fennoscandia. The highest correlations are found over the eastern part of Europe (Fig. 3b) . Strong spatial field correlations are found also for summer maximum temperature (Fig. 3c) . High values of δ 18 O are associated with hot summers over the whole of central and eastern Europe and cold summers over the northern part of Europe. The dipole-like structure identified in the correlation maps for PP and scPDSI is a well-known feature of summer hydroclimate at a European scale (Ionita et al. 2012; Ionita 2015) . In general droughts and heat waves over the central and southern part of Europe are accompanied by prolonged wet and cold periods over the northern part of Europe, as in the summers of 1904 , 1921 , 1976 (Ionita et al. 2012 Ionita 2015) . This can be regarded as an indication that the δ 18 O in tree rings for our site location is able to record not just dry/wet periods at a local scale, but is able to record also dry/wet periods at a European scale.
The highest correlation coefficients were found between δ
18 O values and summer scPDSI field. As already indicated by the correlation analysis with local climate data (Table 2),  δ 18 O values are very sensitive to relative humidity and drought conditions. In order to better analyze the relationship between δ 18 O and summer drought, a longer scPDSI series was extracted by averaging the gridded data over the region (20°E-25°E, 45°N-50°N ). The temporal evolution of the δ
18 O values and the scPDSI index is shown in Fig. 4a . The correlation coefficient between the two-time series is r = − 0.52 (p < 0.001) and prolonged dry periods (e.g. 1941-1950) are always associated with high values of δ 18 O. A striking feature of the δ 18 O record is that it captures all of the extremely dry years (1954, 1976, 2003 and 2015) , which were characterized by prolonged and extended droughts at a European scale (Ionita 2015; Spinoni et al. 2015; Ionita et al. 2017) . The good agreement between the δ 18 O record and the scPDSI time series and the results of the calibration model ( Table 2 ) thus indicate that δ
O values can be used as a proxy for the occurrence of dry/wet condition, especially over the eastern part of Europe.
To further explore the scPDSI signal in the δ 18 O chronology, we compare the probability distribution function of δ
18 O values for dry (scPDSI < − 2) and wet (scPDSI Index > 2) summers (Fig. 4b ). The ± 2 threshold was chosen to focus just on the years that are characterized by extreme droughts. Values between − 2 and 2 for the scPDSI index indicate normal conditions, thus they are excluded from our (Fig. 5a ) were selected and used to calculate the seasonal cycle in precipitation (Fig. 5b) and the daily maximum temperature (Fig. 5c ). The blue lines (Fig. 5b) O and: a summer precipitation; b summer scPDSI and c summer T max . The hatching highlights significant correlation coefficients at a confidence level of 95%. Analyzed period: 1901 Analyzed period: -2014 
Moisture signal in the δ
O values
Tree ring oxygen isotope ratios and large-scale atmospheric circulation
The variations in the δ 18 O values of tree rings have two major drivers: the stable isotope composition of the water absorbed through the roots and the evaporative enrichment of this water at the leaf surface (Roden et al. 2000) . As the absorbed water is derived ultimately from precipitation, and its stable isotope composition can be controlled, inter alia, by atmospheric circulation (e.g. Gat 1996) we hypothesize that δ 18 O of tree rings will be able to record the prevailing large-scale atmospheric circulation. In general, persistent dry (wet) conditions are associated with anticyclonic (cyclonic) circulation in summer, while the sea surface temperature at the moisture source delivered to NW Romania plays also an important role via the interaction with large-scale climatic or oceanic variability (Ionita et al. 2012; Schubert et al. 2014; Ionita 2015) . To examine the relationship between δ 18 O and large-scale atmospheric circulation we constructed composite maps using summer northern hemisphere geopotential height at 500 mb (Z500) and the vertically integrated water vapor transport (WVT). We focus on those years when the standardized (z-scored) δ
18 O > 1 standard deviation (High) and δ 18 O < − 1 standard deviation (Low). The years that were used for the composite maps are shown in Table S1 . Low δ 18 O values are associated with a Rossby wave train in the Z500 field, characterized by a low-pressure system over Greenland, followed by a high-pressure system in the central-north Atlantic Ocean, a low-pressure system located over the central part of Europe and a high-pressure Fig. 4 a The temporal evolution of the δ 18 O (red line) and the scPDSI index (black line) and b changes in the δ 18 O probability density function for dry years (scPDSI index < − 2) and wet years (scPDSI index > 2). In a the scPDSI index was multiplied by (− 1) for a better comparison with the δ 18 O time series system over Fennoscandia and western Russia (Fig. 6a) . This Rossby wave structure in the Z500 field enhances the advection of moisture from the Atlantic towards the central and eastern part of Europe (Fig. 6b) . The enhanced moisture transport towards Europe is driven by the low-pressure system centered over Europe. Enhanced moisture advection leads to higher amounts of precipitation over the central and eastern part of Europe, which in turn will lead to low δ 18 O values (amount effect, Dansgaard 1964) . A similar pattern, in the Z500 field, is obtained when we compute the composite maps associated with wet summers, based on the scP-DSI index ( Figure S2a ). Positive δ
18 O values are recorded in association with a horse shoe-like block pattern with a low-pressure system over the central North Atlantic Ocean, a high-pressure system over the central part of Europe and a low-pressure system over western Russia (Fig. 6c) . The anomalous Z500 center over Europe suggest a dominant subsidence and adiabatic warming associated with reduced cloudiness, heatwaves and reduced precipitation. The horse shoe-like block deflects the Atlantic storm tracks towards Fennoscandia (Fig. 6d) . Warm summers and reduced precipitation will lead to δ
18 O values (in agreement with the findings from Fig. 5 ), resulting from both the temperature effect of the stable isotope composition of precipitation and the potential sub-cloud evaporation of falling raindrops in a dry atmosphere. Strong evaporative enrichment at the leaf surface (as expected during warm and dry spells) would further enrich the water in 18 O over 16 O and drive δ 18 O to higher values. Dry summers, as defined by the scPDSI index, are also associated with a similar horse shoe-like blocking O values (red and blue shaded years in a). Analyzed period: 1961 Analyzed period: -2013 pattern in the Z500 field ( Figure S2b) . From a long-term perspective, the Rossby wave-like structure identified in Fig. 6c was found to be associated with the occurrence of heat waves and extremely high summer temperatures over the central and eastern part of Europe (Ionita et al. 2017) . This suggests that the inter-annual variability of our Romanian δ 18 O record captures very well the spatial structure of a relatively typical large-scale climatological feature that produces droughts in the central and eastern part of Europe.
Tree ring oxygen isotope ratios and North Atlantic Ocean SST
Previous studies have emphasized the role of the Atlantic Ocean and the Mediterranean Sea SSTs in driving the occurrence of heat waves and droughts over the European region (Feudale and Shukla 2011; Ionita et al. 2012 Ionita et al. , 2017 Kingston et al. 2013; Ionita 2015) . Following this line, significant correlations between δ
18
O values and North Atlantic Ocean SST (Fig. 7a) indicate possible connections between the moisture availability over the eastern part of Europe and conditions at remote ocean areas. Positive δ 18 O values are associated with positive SST anomalies in the North Atlantic Ocean, in a band stretching from 20°N to 40°N, the Mediterranean region and the Black Sea and negative SST anomalies in the central Atlantic Ocean. A similar SST pattern is found if we compute the correlation maps between the scPDSI index and the North Atlantic SST (Fig. 7b) . Overall, the structure of the SST anomalies in Fig. 7 resembles the SST anomalies responsible for the occurrence of extreme drought events over the southern and eastern part of Europe (e.g. in 2003 Europe (e.g. in , 2015 Ionita et al. 2017) . Ionita et al. (2017) have recently shown that warm Mediterranean SSTs have preceded and occurred concurrently with dry summers over most of the central and eastern part of Europe. In some particular years (e.g. summers of 2003 and 2015), extremely dry and hot summers over the central and eastern part of Europe, have occurred simultaneously with cold SST anomalies in the central Atlantic Ocean. In general, the North Atlantic Ocean SSTs anomalies can explain many features of the European droughts and heatwaves (Feudale and Shukla 2011) . Mediterranean SSTs usually have an additional effect, with warm SST's acting to reduce the baroclinicity over the European region and reinforcing the blocking circulation. Altogether, when favorable phase conditions are met, both the large-scale atmospheric circulation and the SST act as a driver and/or precursor for the dry/wet conditions at a European scale. Overall, SST can modulate the tree ring cellulose O ratios by modulating the prevailing large-scale circulation and the occurrence of droughts and heatwaves. Thus, the local tree ring δ 18 O variability can be explained, at least partially, via the ocean-atmosphere interaction.
Conclusions
The calibration and verification results demonstrate that δ
18 O values of the latewood cellulose of oak trees from Romania are a very good proxy indicator for local summer relative humidity and could be used to provide a long record of summer droughts. Spatial correlation analysis reveals that the δ 18 O values also contain information on atmospheric circulation at a European scale, characterized by a dipole structure: negative correlations with drought conditions over the central and the eastern part of Europe and positive correlations with wet conditions over Fennoscandia. The internal variability of δ 18 O values relates to large-scale summer atmospheric circulation, with high δ
18 O values associated with anticyclonic circulation, drought and heat waves over the central and eastern part of Europe. There is considerable potential to produce long and well-replicated oak tree ring stable isotope chronologies in Romania which would allow reconstructions of both regional drought and large-scale circulation variability over southern and central Europe. 
